Emerging evidence is revealing the different roles of steady laminar flow (s-flow) and disturbed flow (d-flow) in the regulation of the vascular endothelium. s-flow is atheroprotective while d-flow creates an atheroprone environment. Most recently, we found unique atheroprone signals, which involve protein kinase C (PKC)ζ activation, elicited by d-flow. We and others have defined a novel role for PKCζ as a shared mediator for tumor necrosis factor alpha (TNF alpha) and d-flow, which cause pro-inflammatory and pro-apoptotic events in endothelial cells (ECs) in the atheroprone environment. Under such conditions, ONOO − formation is increased in a d-flow-mediated PKCζ-dependent manner. Here, we propose a new signaling pathway involving d-flow-induced EC inflammation via PKCζ - ERK5 interaction-mediated downregulation of KLF2/eNOS stability, which leads to PKCζ-mediated p53-SUMOylation and EC apoptosis. In addition, we highlight several mechanisms contributing to endothelial dysfunction, focusing on the relations between flow patterns and activation of reactive oxygen species generating enzymes. (Circ J 2011; 75: 2722 - 2730 
lood flow is known to regulate a variety of signaling pathways and molecules in endothelial cells (EC) that lead to changes in cellular functions such as proliferation, apoptosis, migration, gene and protein expression, secretion, interaction with other cells, and morphological alignment. 1-3 In addition, blood flow is recognized as a major factor in the focal development of atherosclerosis, which is characterized by highly localized endothelial dysfunction, including altered vasoregulation, activation of inflammatory processes, and compromised barrier function. 4,5 Thus, ECs may be an important predictor of cardiovascular outcomes and an independent predictor of future events in patients with cardiovascular risk factors. 6, 7 Manifestations of dysfunctional ECs are readily observed in certain areas of the arterial branches and curvatures, where disturbed flow (eg, non-uniform, irregular oscillation, and recirculation; termed d-flow) occurs. 8, 9 ECs in these regions have an activated, pro-inflammatory phenotype that is characterized by poor alignment, high turnover, and being under oxidative stress. 3 ECs in the straight part of the arterial tree are exposed to steady laminar flow (10-20 dyn/cm 2 ; termed s-flow) which promotes release of factors from ECs that inhibit coagulation, leukocyte diapedesis, and smooth muscle cell proliferation while simultaneously promoting EC survival. 10, 11 Thus, understanding how the various signaling pathways are affected by different patterns of blood flow such as s-and d-flow in ECs dysfunction is critically important. This review will focus on the emerging evidence that s-and d-flow differentially regulate ROS production in ECs, which is the critical early step in atherosclerosis.
Different Roles of s-Flow and d-Flow on EC Function
ECs in vivo are constantly exposed to the hemodynamic forces, such as shear stress and cyclic strain, of flowing blood and there is a strong correlation between localized atherosclerotic plaque and regions exposed to the d-flow found at vessel curvatures, bifurcations and branches. In contrast, atherosclerosis is rare in areas exposed to s-flow and in fact, ECs in such areas are thought to be more resistant to the development of atherosclerosis ( Figure 1 ). 12 For example, the human coronary artery exposed to complex and d-flow patterns has an extremely high susceptibility to atherosclerosis whereas in the internal mammary artery where there are less discontinuities in the flow patterns, the atherosclerotic incidence is low. 13 In genetic modification models, such as the low-density lipoprotein receptor knockout mouse (LDLR -/-), atherosclerotic plaques are reliably and rapidly formed and are morphologically similar to those observed in human, particularly when the mice are fed a high-fat diet. Plaques tend to form at the aortic sinus, the lesser curvature of the aortic arch, on the upstream edge of the brachiocephalic and left common carotid arteries proximal to branching from the ( Figure 1 ). All those areas are d-flow regions, where are exposed to relatively low levels of wall shear stress when compared with nearby sections of artery. Therefore, the importance of shear stress in vascular biology and pathophysiology is highlighted by the fact that s-flow is protective against atherosclerosis while d-flow is a strong risk factor of the disease. Induction of mechanosensitive genes is likely to be medi- (Figure 2) . Recently, we found the involvement of PKCζ and the MEK5/ ERK5 pathway in the TNFα-induced downregulation of endothelial nitric oxide synthase (eNOS) expression in ECs and in the initiation of atherosclerosis ( Figure 2 ). d-flow increases endothelial apoptosis and proliferation, resulting in a high turnover rate of ECs, which then creates highly localized hot spots of increased endothelial permeability, inflammation, and atherosclerosis. 20 d-flow also increases apoptosis by promoting the production of reactive oxygen species (ROS), which react with nitric oxide (NO) to form peroxynitrite (ONOO − ) and induce proatherogenic responses in ECs. 2,21 Our more recent study has shown that PKCζ activation by d-flow induces EC apoptosis by regulating p53 (Figure 2 27 Among these, NADPH oxidase (Nox) has been identified as the major ROS-producing enzyme in blood vessels in response to d-flow. 28 Five NADPH oxidase proteins have been found (Nox 1, 2, 3, 4, and 5). 29 Specific NADPH oxidase complexes have been identified as major ˙O2 − generators in various cell types in the vessel wall. In ECs, NADPH oxidase similar to the complex in granulocytes was initially reported to be the main ˙O2 − producer. 28 A later study has shown that accelerated endothelial ROS formation after application of d-flow involves 47phox-containing NADPH oxidase complexes. 30 d-flow also significantly upregulates Nox4 expression accompanied by an increase in ROS production in aortic ECs, whereas s-flow upregulates eNOS expression and NO production. 30 
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NADPH Oxidase Increases ROS and ONOO − Production
The type and duration of (blood) flow has an important impact on endothelial ROS formation, because continuous d-flow can induce ROS production. 25 ROS arise from several sources in the endothelium, including NADPH oxidase, xanthine oxidase, mitochondrial oxidase, cytochrome P450, and uncoupled eNOS. 31 However, NADPH oxidase and xanthine oxidase are likely to be the main oxidases responsible for the increased oxidative state of ECs. 25, 32 The balance between the NO and ROS levels is shifted by the accumulation of ˙O2 − and H2O2 produced by these oxidases in ECs exposed to dflow, and this is the key step in the initial development of atherosclerosis. 14, 33 In this area, the increased activity of ˙O2 − generating NADPH oxidase and expression of redox-sensitive genes, such as c-fos and heme oxygenase-1 (HO-1), has been noted. 25 Because ROS and NO can interact and generate ONOO − and increase nitrative stress, higher levels of 3-nitrotyrosine, dityrosine, and o-hydroxyphenylalanine under d-flow than sflow have been observed. 24 We and others also found that nitrosylation was increased in d-flow areas compared with sflow areas in the aortic arch of the mouse. 2, 34 Inhibition of ONOO − formation significantly reduced d-flow-mediated EC apoptosis, suggesting that ONOO − formation induced by dflow is one of the initial events that lead to EC dysfunction. 2
d-Flow Increases Bone Morphogenetic Protein (BMP) 4 Expression and Activates Nox1(2)
BMPs were originally identified as proteins that induced bone formation at extraskeletal sites. 35 They are members of the transforming growth factor-β super family. 36 More than 30 BMPs have been identified, and among them BMP-4 is expressed in both arterial ECs and smooth muscle cells in human coronary arteries, as well as in cultured human and mouse aortic ECs. 37, 38 Recent studies suggest that BMPs are upregulated in d-flow areas in blood vessels and may contribute to vascular calcification and development of atherosclerotic plaques. 38,39 BMP-4 and BMP-2 reportedly induce endothelial dysfunction and enhanced monocyte adhesion to the endothelium via increasing ROS. 38, 39 Sorescu et al found that d-flow stimulated monocyte adhesion by inducing intracellular adhesion molecule-1 (ICAM-1) without affecting vascular cell adhesion molecule-1 (VCAM-1) and E-selectin levels, and that treatment of ECs with BMP-4 also increased ICAM-1 expression and monocyte adhesion. The d-flow-induced ICAM-1 expression and monocyte adhesion were completely prevented by inhibiting BMP-4 production in ECs by noggin (the BMP antagonist) or BMP-4 siRNA, 38 suggesting the essential role of BMP-4 in d-flow-induced inflammatory responses in ECs (Figure 2) . They have also shown that exposure of ECs to d-flow stimulates ROS production via increased Nox1 and Nox2 expression and significantly reduces Nox4 levels. While BMP-4 upregulates Nox1 mRNA levels, it inhibits Nox2 mRNA expression, 30 suggesting that d-flow-mediated Nox1 induction can be explained by BMP-4 induction. Of note, the importance of p47phox-dependent enzymes such as Nox1 and 2 in BMP-4-induced ROS production, ICAM-1 induction, and monocyte adhesion has been demonstrated using p47phox knockout mice. 40 These finding suggest the importance of the regulation of p47phox-dependent enzymes in d-flow-mediated ROS production and subsequent endothelial inflammation and dysfunction.
s-Flow Does Not Increase BMP-4 Expression
Recent studies suggest that s-flow inhibits endothelial BMP-4 expression, 38,41 and in particular, the significance of flow-mediated BMP-4 regulation in vivo is supported by studies on d-Flow-Mediated ROS and Endothelial Dysfunction porcine aortic valves. BMP-4 expression in calcification-susceptible valvular regions was significantly increased compared with that in the calcification-protected, high-shear regions. 38 It has been shown that s-flow-mediated activation of the cAMP/ PKA pathway transcriptionally regulated BMP-4 ( Figure 3) . 42 Cyclic AMP (cAMP) is known to bind to the regulatory subunit of protein kinase A (PKA), activating the enzyme, and PKA has been shown to be activated by s-flow. 43 In parallel with these in vitro findings, increasing the shear stress from 2.6 to 15.6 dyn/cm 2 on human coronary artery ECs elicited translocation of the catalytic subunit of PKA into the nucleus. 44 The central role of PKA signaling in BMP-4 regulation is supported by the finding that inhibition of PKA using a specific inhibitor, H89, attenuates cAMP-dependent regulation of BMP-4. sflow-mediated activation of the cAMP/PKA pathway increases the phosphorylation and activation of cAMP response element binding protein (CREB), and CREB phosphorylation is significantly inhibited by H89. 42, 44 Although that study did not show the effect of cAMP/PKA pathway-mediated activation of CREB on the regulation of BMP-4, the rVISTA (http://www. gsd.lbl.gov/vista) analysis, designed to confirm the presence of putative cAMP-responsive elements (CRE), found a highly conserved proximal part of the 5´-flanking region of the human BMP-4 gene, suggesting a putative relationship between CREB and BMP-4.
Role of d-Flow-Mediated ROS Production on EC Dysfunction
Nox1 ( 
ONOO -Increases PKCζActivation
PKCζ-Induced p53-SUMOylation and Subsequent EC Apoptosis It has been reported that d-flow increases EC apoptosis and proliferation, causing high EC turnover, which creates hot spots of increased endothelial permeability, inflammation, and dysfunction. 49 Despite intense studies, however, the mechanisms by which d-flow regulates endothelial turnover are unclear. PKC isozymes are serine -threonine kinases that phosphorylate multiple proteins, which in turn regulate intracellular signaling. 50 Among the PKC family members, atypical PKCζ has recently emerged as an important isoform in ECs. 34, 51 Magid and Davies reported that PKCζ was highly expressed in ECs in d-flow areas of the porcine aorta. 51 Frey et al demonstrated involvement of PKCζ in oxidant generation in ECs via NADPH oxidase activation. 34 Consistent with those findings, we found that endothelial PKCζ activation was elevated in atherosclerotic lesions. 1, 2 It has been shown that SUMO (small ubiquitin-like modifier) influences many different biological processes by altering transcriptional activity, protein stability, or localization change. 52 The SUMOylation pathway is analogous to that of ubiquitination, but SUMO conjugation involves a different set of enzymes. SUMO is activated in an ATP-dependent manner by an E1-activating enzyme that consists of a SAE1(AOS1)-SAE2(UBA2) heterodimer. Activated SUMO is transferred to Ubc9, the E2-conjugating enzyme, and is subsequently attached to the ε amino group of specific residues in target proteins. 53 Finally, E3 SUMO ligase-like PIASy conjugates activated SUMO to the target protein. 53 Recently, we reported that d-flow and ONOO − induced EC apoptosis and that this was mediated by p53 SUMOylation via PKCζ binding to the E3 SUMO ligase protein inhibitor of activated STATy (PIASy). 2 This binding was found to occur between the C-terminus of the kinase domain of PKCζ and the RING domain of PIASy, which contains its catalytic site and may alter the structure and enzymatic activity of PIASy. Interestingly, d-flow and ONOO − did not upregulate the p53 level, instead they actually inhibited p53 transcription. 2 Notably, p53-SUMOylation was a key event for translocation of p53 from the nucleus to the cytosol and for the apoptosis induced by d-flow. All these observations suggest that PKCζ activity is an important factor in d-flow-mediated EC apoptosis by regulating p53-SUMOylation (Figure 4) .
Lin et al have reported that s-flow induces EC cycle arrest by a mechanism involving increased p53 expression and phos- phorylation, 54 but this growth arrest was via increased GADD45 and p21cip1 expression not by p53-mediated apoptosis. It is important to emphasize that p53 can induce growth arrest by inhibiting apoptosis. Depletion of p21 maintains DNA synthesis without undergoing mitosis. This process duplicates DNA abnormally in the cell and causes subsequent cell death. 55 Because p21 expression is directly increased by p53, p53 can be cell-protective by increasing p21 expression. The interplay between the cell cycle arrest and apoptosis mechanisms is possibly critical in maintaining endothelial function, because p53 may be able to reduce DNA damage from apoptosis by preventing entry into the S phase. 56 However, it remains unclear what determines the pro-and anti-apoptotic activities of p53. Of note, most of the anti-apoptotic effects of p53 have been explained by its nuclear localization. Nuclear localization of p53 in ECs under s-flow may indeed inhibit cell proliferation as Lin et al have reported, 54 but p53 can also inhibit apoptosis, as we show in our recent study. 2 In contrast, cytosolic p53 (ie, nuclear export) may accelerate apoptosis, which occurs under d-flow conditions. 2 Our data suggest that d-flow-mediated PKCζ activation and subsequent p53 nuclear export promotes EC apoptosis. Taken together, we suggest that the evidence shows that s-flow maintains nuclear p53 localization, leading to endothelial growth arrest and inhibition of EC apoptosis, 54 whereas d-flow promotes p53 nuclear export, leading to increased apoptosis ( Figure 4) . Further investigations are necessary to clarify the role of p53-mediated growth arrest and apoptosis in ECs, especially under s-flow, both in vitro and in vivo.
PKCζ Phosphorylates ERK5 S486 and Decreases eNOS Stability eNOS is a key enzyme involved in the regulation of vascular function, and altered activity and expression of this enzyme has been linked to atherosclerosis. 57, 58 TNFα inhibits eNOS expression by downregulating both transcriptional and posttranscriptional processes. 59 TNFα, in addition to regulating eNOS expression, is a mediator of inflammation, and PKCζ is a key enzyme involved in TNFα-mediated inflammation. 1 When ECs are stimulated by TNFα, PKCζ is activated and monocyte adhesion because increased NF-κB-dependent ICAM-1 expression is promoted. 60 In addition, our group has found that exposure of ECs to s-flow inhibits the JNK-caspase-3-dependent CATζ generation, reducing apoptosis and pro-inflammatory endothelial adhesion protein expression. 11 Recently, eNOS expression was shown to be positively regulated in ECs by the MEK/ERK5/KLF2 pathway. 61 We have reported that PKCζ binds directly to ERK5 via its catalytic domain and phosphorylates ERK5. 1 The study demon- 
Unique Role of ERK5 Activation Under s-Flow
Our study has revealed that s-flow-mediated ERK5 activation, leading to activation of PPARγ and KLF2, contributes to the anti-inflammatory and atheroprotective effects of s-flow. 19 The upstream kinase that phosphorylates ERK5 has been identified as MEK5. 69 Activation of ERK5 is documented to have an anti-apoptotic effect in cardiac, neuronal, and ECs. 70,71 ERK5 is not only a kinase enzyme but also possesses transcriptional activity. Although phosphorylation of substrates represents the defining function of kinases, there are also numerous cell physiology events that are regulated through the interaction of kinases with other molecules outside of phosphorylation. 19,72 ERK5 is serine -threonine kinase that can function like a typical kinase by phosphorylating its substrates and altering their function through this post-translational modification. 73 However, ERK5 is able to regulate other substrates outside of its kinase activity. For example, the s-flow induced association of activated ERK5 with PPARγ to regulate PPARγ's function does not involve phosphorylation of PPARγ by ERK5 ( Figure 6 ). 19 In contrast, the dominant negative MEK5 prevents s-flow-mediated inhibition of TNFα-mediated NF-κB activation and adhesion molecule expression, including VCAM-1 and E-selectin, indicating a physiological role for ERK5 and PPARγ activation in s-flow-mediated anti-inflammatory effects. Here, ERK5 kinase activation is required, likely by inducing a conformational change in the NH2-terminal region of ERK5 that prevents the association of ERK5 and PPARγ. Together, it suggests that ERK5 mediates s-flow-and ligand-induced PPARγ activation via its interaction with the hinge-helix 1 region of PPARγ.
The KLF family is a recently highlighted group of zinc finger transcription factors with important biological roles, including in the vasculature. 74 Dekker et al first identified KLF2 as a gene regulated by s-flow in the endothelium. 75 One of the major endothelial functions regulated transcriptionally by KLF2 is the control of vessel tone. Overexpression of KLF2 induces eNOS expression, which concomitantly downregulates caveolin-1, a negative regulator of eNOS activity, as well as inhibiting cytokine-mediated adhesion molecule expression. 61,75, 76 Recently, Parmar et al reported that KLF2 is selectively induced in ECs exposed to s-flow and that this flow-mediated increase in expression occurs via the MEK5/ ERK5/MEF2 signaling pathway. 61 In addition, KLF2 induc- tion results in the orchestrated regulation of EC transcriptional programs controlling inflammation, thrombosis/hemostasis, vascular tone, and blood vessel development. 61 Both proinflammatory and anti-inflammatory stimuli likely modulate PPARγ/KLF2 and adhesion molecule (activity or expression) via the transcriptional activity of ERK5. Consistent with such key roles of ERK5 in EC physiology, endothelial-specific ERK5 knockout mice shows a cardiovascular defect attributable to increased EC apoptosis. 71,77
ROS-Mediated ERK5-SUMOylation
It is clear that SUMO influences many different biological processes, but particularly important in the present context is the regulation of transcription. 52 Our studies have shown that s-flow has an anti-inflammatory effect via ERK5-mediated KLF2 and eNOS expression. 1,18 ERK5 is an s-flow reactive protein that has SUMOylation motifs (K6 and K22) at the divergent N-terminal region close to the ATP-binding site and it contains a cytoplasmic targeting region. 18 In our recent study, we found that H2O2 significantly inhibited ERK5/ MEF2 transcriptional activity, as well as the subsequent sflow-mediated KLF2 promoter activity and the KLF2 and eNOS expression mediated by ERK5 SUMOylation. ERK5 SUMOylation can also inhibit both ERK5/MEF2 and PPARγ, and promote strong pro-inflammatory and atherogenic responses in ECs. 18,78 At present, it is not known how d-flow conditions affect ERK5-SUMOylation or if d-flow-induced EC dysfunction is medicated by ERK5 SUMOylation. However, the experimental results discussed here appear to suggest that inhibition of ERK5 SUMOylation may be a potential therapeutic target for shear stress-mediated EC dysfunction and inflammation. 
Future Direction of Flow Research
Although the possible involvement of PECAM-1, integrins, p130Cas (Crk-associated substrate), ion channels, and certain EC surface structures has been proposed as the mechanosensor of s-flow, the sensing mechanism and its downstream signaling mechanism are still elusive. As we have discussed in this review, we believe that d-flow has its own unique sensing or signaling mechanism, because the signaling pathways of sand d-flow seem distinctly different. Further investigations are necessary to clarify these issues.
Conclusions
Studies described in this review highlight the current status regarding the role of d-flow-mediated ROS production in the pathogenesis of atherosclerosis. Accumulated evidence indicates that s-flow is atheroprotective, whereas d-flow, which occurs near arterial bifurcations and curvatures, is a proatherogenic factor. Thus, understanding the mechanisms of endothelial activation and development of endothelial dysfunction may provide critical information for finding therapeutic targets of cardiovascular disease, especially atherosclerosis.
